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Abstract 
This dissertation presents the preliminary design, analysis, simulation, experimental results and 
applications of a standard AA size vibration-induced micro power generator which is capable to 
convert ambient vibrations from the environment into useful electrical power. The energy 
transduction unit of this micro power generator is a spring mass system that uses MEMS 
fabricated copper springs to convert mechanical energy into electrical power by Faraday's Law of 
Induction. We have shown that when the micro power generator is packaged into an A A battery 
size container along with a power-management circuit that consists of rectifiers and a capacitor, it 
is capable of producing ~2.5V DC and ~ 6 0譯 with a 100k^2 loading when charged for about one 
and a half minutes. Potential applications for this micro power generator to serve as a power 
supply for a RF wireless temperature sensing system was proved to be possible with input 
frequencies at about 79Hz and amplitude of approximately 250|am (vibration acceleration -4.63 
m/s^). 
Abstract of the thesis entitled "Development of an AA Size Micro Power Generator" submitted 
by LEE Ming-ho for the degree of Master of Philosophy at the Chinese University of Hong Kong 








的直流電壓及的有效功率。另外，我們證實了在 7 9 H z的震動頻率及約2 5 0 | ^ m的 
震幅下（〜4.63 m/s2的震動加速度）’微型發電器能產生足夠電量驅動一個以無線電頻率作 
傳送的溫度感應電路。 
Abstract of the thesis entitled "Development of an AA Size Micro Power Generator" submitted 
by LEE Ming-ho for the degree of Master of Philosophy at the Chinese University of Hong Kong 
in August 2004. 
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Chapter 1 Introduction 
1.1. Background on development of AA size micro power generator 
1.1.1. Brief introduction 
Traditional alkaline battery has being used for almost a century, and has brought dramatic 
revolutions to human life. However, shelf life, replacement accessibility and potential hazards of 
chemical are some of the problems when chemical batteries are used. Our ongoing work is to 
develop a brand new power supply with unlimited shelf life and is environmentally safe. 
Essentially, we want to produce a micro power transducer capable of converting mechanical 
energy from a working environment into useful electrical energy for applications in wireless 
sensing and signal transmission. 
Nowadays, demand for environmentally safe and convenience micro power supply for mobile 
applications is increasing. Magnetic-induction based energy conversion, electrostatic (capacitive) 
based energy conversion and piezoelectric energy conversion are the three main types of mico 
power conversion. Amount the three types, we choose to use magnetic-induction based energy 
conversion because it is capable to generate sufficient power for application in relative low input 
vibration frequency, such that it may have potential application for vibration in human motion. 
Moreover, magnet is commercially economic which may reduce the manufactureing cost for the 
energy conversion device. Three main advancements in engineering technology in the last 20 
years allow possible applications for magnetic-induction based micro energy transducers: 1) 
increase in magnetic flux density of rare-earth-magnets; 2) continual reduction of power 
consumption of low-power circuits and sensor; 3) MEMS fabrication technology that allows 
precise and low cost production of spring-mass system. 
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1.1.2. Proposed micro power generator for wireless applications 
Vibrations exist at many places in our daily life, such as certain building environments, vehicles 
and machines in heavy industries. To make uses of this unused ambient energy and convert to 
useful electrical power sufficient to drive low-power circuit system is the main objective in this 
project. 
In view of the growing demand on small size, self-powered monitoring system, we propose to 
develop an integrated micro power generator which is capable to convert ambient vibrations from 
the environment into electrical power, and to drive a low-power consume wireless 
communicating system. We choose to build the micro power generator in AA size because it is a 
standard size which is commonly used in our daily life. The conceptual design of this AA size 
micro power generator applied to drive a wireless temperature sensing system is illustrated in 
Figure 1. 
AA size micro pp_wer_generator_  
I f " M 
Power 
i management ! Computer 
I circuit ： ii:�;疆; ；Temperature � 
1 丨；I •丨 ^ ^ for data ！ k & H 1 sensor+RF ) j ) , RF receiver 
！ 丨 J J Storage and 
I l H P ^ I transmitter 乂 
I Power / P ^ H ； Wireless analysis 
I transducer / | transmission 
丨 I - 丨 z 圓 i L 
• - - J  
Figure 1. Illustrative diagram for an AA size micro power generator to drive a wireless temperature sensing system. 
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1.2. Literature survey 
1.2.1. Comparison of other energy sources 
Due to the awareness of energy crisis and environmental pollution, many alternative energy 
sources were being considered in order to reduce the use of fossil fuel. Some of the possible 
energy sources and their corresponding applications are shown in Table 1. 
Table 1. Alternative energy sources and their corresponding applications. 
Sources of energy Year Previous Work 
Electro thermal micro actuator was driven by high 
Electric field 1993 
frequency electric field [1]. 
Chemical energy 1993 Rechargeable thin-film lithium micro-battery [2]. 
High voltage solar cell array as power supply of 
Solar energy 1994 
electrostatic silicon mirrors [3] [4]. 
Supersonic wave used as driving force of micro 
Acoustic energy 1994 
objectives [5]. 
Human motion 1996 Human powered wearable computing [6]. 
A thermoelectric device was used to generate power 
Thermal energy 1997 
from a 10 °C temperature gradient [7]. 
A piezoelectric shoe inserts generate power from 
Human body 2001 
human walking [8]. 
First development of an electromagnetic micro power 
generator [9]. 
Energy is transduced through the use of a variable 
Vibration energy 2001 
capacitor [10]. 
A piezoelectric vibration powered generator for 
2001 
Microsystems [11]. 
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According to the survey of potential energy scavenging methods carried by Roundy S. in 2003 
[12], the most promising energy sources are solar power and vibration based energy scavenging 
in the view of power density and lifetime. Solar power is one of the most widely used energy 
scavenging method, however as it is not capable to produce enough power for wireless 
transmission in micro size and it is limited to area with sunlight only, therefore it is not suitable to 
be used in this project. Moreover, P. B. Koeneman has concluded that the most practical forms of 
energy storage in the view of energy density are micro batteries, elastic strain energy, magnetic 
fields, and electric fields for microscopic power supply systems [13]. A comprehensive summary 
of energy densities for microscopic energy storage is shown in Table 2. 
Table 2. A comprehensive summary of energy densities for microscopic energy storage [13], 
Storage Method Energy Density (J/L) Parameters 
Fission Fuel 1.5xlO'^ U235 
Combustion Reactions 3.5x10^ Gasoline 
Electrochemical Cell 2.1x10® Li-aVzOs 
Heat Capacity 8.4x10^ Water, AT=20K 
Latent Heat 1.0x10^ Refrigerant 11 
Fuel Cell 6.5x10^ H2-O2, latm 
Elastic Strain Energy 6.4x10^ Spring steel 
Kinetic (translational) 3.3x10^ Lead, v=24m/s 
Magnetic Field 9.0x10^ B = L5T 
Electric Field 4 . 0 x 1 0 ^ E = 3xlOV/m 
Pressure Differential 7.0xl0' latm,Vo/Vf=2 
Kinetic (rotational) 2.0x10° 3600rpm, d=4500|im 
Gravitational Potential 5.0x10"' Lead, h=4500|^m 
Therefore, we believe an electromagnetic micro power generator which is capable to convert 
ambient vibrations from the environment into electrical power is a possible and efficient solution 
to achieve the objective of this project. 
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1.2.2. An overview of research on electromagnetic micro power generator 
Researches on magnetic-induction based micro power generator have been done by various 
groups throughout the world. C. B. Williams and R. B. Yates first developed an electromagnetic 
micro power generator in 1996 [9]. The dimension of their micro power generator is about 4mm x 
4mm. It is capable to produce 0.3|aW under an input vibration frequency of 4.4 kHz and with 
amplitude of ~500nm. Although the power output of this micro power generator is relatively low 
and the excitation frequency is quite far from practical, their work introduce a basic idea on 
electromagnetic micro power generation. 
Another group Amirtharajah and Chandra-Kasan has developed a vibration-based power 
generator in 1998 [14]. Their power generator was designed to operate at human walking 
frequency. It is capable to produce a mean output power of ~400|aW under an input vibration 
frequency of 2 Hz and with amplitude of ~20mm. However, due to the non steady state vibration 
at human walking, the output power of �400|li\V measured is not continuous and therefore, may 
not be applicable to practical usages. Besides, they have also proved the feasibility of a portable 
digital system to be powered from ambient vibrations. 
P. Glynne-Jones and M. J. Tudor have developed an electromagnetic power generator with a 
cantilever length of 1.1cm, a width of 0.9cm and a height of 0.85cm in 2003 [15]. Their power 
generator is capable to produce a maximum of ~180|iW when loaded with a 0.6^2 resistor under 
an input vibration frequency of 322 Hz and with amplitude of ~850|im. The device has been 
measured to produce an average power of 157|J,W when mounted on an engine block of a car. 
Their work has demonstrated a practical application of electromagnetic micro power generator. 
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Nevertheless, neither of the groups was able to demonstrate an electromagnetic micro power 
generator capable of producing enough power to drive an off-the-shelf wireless circuit. Our group 
later demonstrated a Icm^ vibration-based energy converter capable of powering an off-the-self 
IR transmitter [16] (2000) and RF transmitter [17] (2002). In that work, the energy converting 
transducer was made of copper (Cu) springs fabricated using a Nd:YAG laser micromachining 
system, which limited the reduction and precision of the spring dimensions. We have latest 
developed an energy transducer using MEMS compatible SU-8 fabricated high-aspect-ratio 
copper springs to amplify input mechanical vibrations from the transducer's environment. 
We have succeed to build an AA size micro power generator which make uses of the MEMS 
fabricated resonator and is capable to drive a RF wireless temperature sensing system. Detailed 
results will be presented in Chapter 6. 
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Chapter 2 Principle of Micro Power 
Generator 
2.1 Design objective of AA size micro power generator 
In previous work on the micro power generator, we have developed various micro resonators that 
convert ambient vibrational energy into electrical energy sufficient to drive a low-power circuit 
system. We have demonstrated prototype generators that were able to power a commercial JR 
remote control and a custom-built wireless temperature sensing system [16] [17]. In this project, 
we are going to further develop the micro power generating system in order to find more specific 
applications. 
Based on the measurement of some vibration sources in ambient environment by S. Roundy in 
2003 [12], we believe it is possible to find applications for the micro power generator if it is 
designed to operate in a range of realistic vibration sources. Some of the measurements on these 
vibration sources and their corresponding vibration frequency are shown in Table 3. 
Table 3. Vibration sources with their maximum acceleration magnitude and frequency of peak acceleration [ 12]. 
Peak Acc Frequency of 
Vibration source , , 2� „ , ^ . 
(m/s) Peak (Hz) 
B ^ of 5 HP 3-axis machine tool with 36" bed 10 ~ l 0 
Kitchen blender casing M 121 
Clothes dryer — 3.5 _ 121 
Door frame just after door closes 3 125 
Small microwave oven 121 
^ A C vents in office building 0 .2-L5 60 
Wooden deck with people walking 13 385 
B^dmaker l!03 H T 
External windows (size 2ft x 3ft) next to a busy street OJ 100 
Notebook computer while CD is being read  
Washing machine 109 
Second story floor of a wood frame office building ^ 
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Based on our previous work and the measurement above, we have established some major 
objectives for the micro power generator in this project. The generator should be packaged with a 
power management circuit and have a dimension of a standard AA size battery. The optimal 
operating frequency should within the range of 60Hz to 120 Hz. Moreover, it should be able to 
produce about 2V to 3V DC and capable to drive an off-the-shelf RF transmission circuit. The 
summarized objectives are shown in Table 4. 
Table 4. Major objectives for designing the micro power generator. 
Objective Criteria 
Size of micro power generator Standard AA battery size 
Input vibration frequency 60Hz- 120Hz  
Input vibration amplitude Lower than 250|am 
Input vibration acceleration 1 - 6 m/s^ 
Voltage output 2V - 3V DC  
Power output More than 30|lIW 
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2.2 Faraday's Law of induced current 
Michael Faraday (1791 — 1878) has discovered that whenever there is a change in magnetic flux 
through a loop of wire, an emf is induced in the loop. Faraday's law of electromagnetic induction 
is expressed by bringing together the idea of magnetic flux and the time interval during which it 
changes. It is found that the magnitude of the induced emf is equal to the time rate of change of 
the magnetic flux. That is, a faster rate of change of magnetic flux, a larger emf is induced [18]. 
From Eq. 1, it is found that the total emf induced is directly proportional to the number of turns of 
the coil surrounding it. 
emf = -N— Eq. 1 
At 
where N is the total number of turns of coil, A(j)/At is the average time rate of change of the flux 
that passes through one loop [18]. For our micro power transducer, we have used -1700 turns of 
coil surrounding the housing. 
We make uses of the Faraday's law to design a spring-mass system which is capable to maintain a 
continuous changing in magnetic flux through a loop of wire, such that a continuous voltage is 
being induced in the coil. The modal of micro power generator will be presented in the following 
section 2.3. 
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2.3 Modal for the micro power generator system 
d L i r 
R r : B, m — ^ 
1 Rc ~ 
J c f Z j Z l 
y(t) 
Figure 2. A schematic drawing for the micro power generator system. 
When the generator housing is vibrated with an amplitude of y(t), the magnet will vibrate with a 
relative amplitude of z(t). This relative movement of the magnet results in the varying amount of 
magnetic flux density cutting through the coil. According to Faraday's law of electromagnetic 
induction, a voltage is induced in the loop of coil. The description of some system parameters are 
as shown in Table 5. 
Table 5. System parameters for medaling the micro power generator. 
Parameters Descriptions Parameters Descriptions 
Fin Input force to the resonant structure R l Load resistance 
Fixjck Negative feedback force by induced EMF R c Coil resistance 
Z Mass displacement relative to coils L Coil inductance 
/ Output current Yo Input vibration amplitude 
m Mass of magnet � Input vibration frequency (angular) 
d Mechanical darrping coefficient (On Resonance frequency 
K Spring constant Ge Electrical damping factor 
B Magnetic flux density of magnet � m Mechanical damping factor 
I Coil length ^ Sum of ；c a n d (m  
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A block diagram for the modal of micro power generator system is shown in Figure 3. An 
external input vibration force F/„ is acting to the spring-mass structure which is a second order 
mechanical system. The output of the relative displacement between the magnet and coils Z(s) is 
then fed into a first-order electrical system. The induced emf will generate a feedback force, Fback 
which will dampen the vibration motion of the magnet. 
1 l - g � 1 I � 
• Bis ——• ^ 
_t ms^ + ds + k Ls + R 
^ ^ , 
Figure 3. A block diagram for the modal of micro power generator system. 
We can derive a transfer function to represent the input force to output voltage relationship and 
the expression is given below: 
见 ^ T Eq.2 
FOO (Ls + R + +ds + k) + {Blfs 
As the resistance of the wire coil is much smaller than the load resistance in general, we can 
assume that both L and Rc are zero, and the system transfer function can be rewritten as the 
expression: 
见 B 上 _ _ _ T Eq.3 
冲 ） C S ^ + l ^ s 
R 
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Taking an inverse Laplace transform, the average power output of the micro generator system is 
given in the following expression: 
mCJo'f—] CO' 
co„ 
P = - ： ^ Eq .4 , 0) 
1 + —— 
_ l ^ J �^ J 
where ^ is the electrical damping factor, Yo is the input vibration amplitude, co is the input 
vibration frequency (angular), cOn is the resonance frequency of the spring-mass system and f is 
the sum of electrical damping factor and mechanical damping factor of the system. 
�n = J - Eq. 5 
V m 
E q . 6 
. ( B l f ^ _ � = Eq. 7 
C = C,n+Ce Eq.8 
From Eq. 4，at resonance, that is a)=a)n，the average power and voltage output is maximized: 
P = Eq .9 
Based on Eq. 9 and Eq. 10，the power generator will have maximum power and voltage output 
when vibrating in resonance frequency with maximum amplitude and electrical damping factor. 
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2.4 Design of the micro power generator 
The prototype micro power transducer consists of five main components: 
A. Outer and Inner housing. 
B. A copper resonating spring. 
C. A N45 grading rare earth permanent magnet 
D. Copper coil. 
E. Power Management Circuit 
Based on previous studies on the micro power generator, our new design will apply the same 
working principle, but the size of generator will be scaled down about 30%. Decrease in size 
implies decrease in voltage output, so the major task of this project is to determine an optimal 
design for the main components in order to achieve the desired voltage output. 
We have done some modifications on the micro power generator, and the new designs are as 
shown below. 
A. Outer and Inner housing 
The outer housing is used to hold the resonator-coil modules and energy storing circuit together. 
A prototype fabricated by the rapid prototyping machine will be used as the outer housing in our 
experiment and a transparency container will be used for demonstration purpose. The outer 
housing consists of two parts, it has a total dimension of 14mm x 14mm x 48mm and the wall 
thickness is around 0.8mm. As a result, the inner capacity of the housing is 12.4mm x 12.4mm x 
46mm. The design of outer housing is shown in Figure 4a to c. 
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1 / 
(b) (c) 
Figure 4. Illustrative drawings for: (a) Cover for the outer housing; (b) Body for the outer housing and (c) Outlook 
of the outer housing for AA size micro power generator. 
The inner housing is used to carry the resonator-coil modules. It consists of two parts; the upper 
and lower housing. It has a total diameter of 12.4mm and 10mm height. The resonating spring is 
located between two parts and the housing is wrapped around by copper coil. The design of the 
inner housing is shown in Figure 5a to d. 
A A Size Power Converter for Wireless Applications Page 15 
(b) (c) 
Figure 5. Illustrative drawings for the design of inner housing: (a) Upper housing; (b) Lower housing; (c) position of 
magnet and resonating spring; (d) Inner housing wrapped by copper coil. 
B. Copper resonating spring 
There are two technologies to fabricate the resonating spring, Laser-micromachining and 
LIGA-based micromachining. In our pioneer work, we have used the former one to fabricate 
copper springs for the micro power generator. Laser-micromachining is fast and easy to control; 
however, the resolution of spring fabricated by this method is not good enough. Therefore, we 
have developed a process using the thick photoresist and electroplating technology to fabricate 
the resonating springs, which will have a higher resolution than using Laser-micromachining. 
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The copper resonating spring designed for the micro power transducer has a diameter of 8mm 
and 80 to 100 |Lim thickness. Two different types of structures, spiral and bi-spiral can be designed 
for different spring performance. In addition, the spring width and spring gap will also have 
significant influence on the spring resonance. The spiral and bi-spiral design of springs are shown 
in Figure 6. Detailed design and fabrication of the copper resonating spring will be discussed in 
Chapter 3. 
(a) (b) 
Figure 6. Two different types of resonating spring: (a) A spiral type resonating spring with spring width 350/Jm and 
spring gap 200/Jm; (b) A bi-spiral type resonating spring with spring width 350jLm and spring gap 200fm. 
C. Rare earth permanent magnet 
A Rare Earth permanent magnet of N45 grading (~3600Gauss) is positioned at the center of 
resonating spring. The size of the magnet for previous micro power generator was 3mm x 3mm x 
3mm (cubic shape) and 192mg in weight. In our new design, we have tested with a Rare Earth 
permanent magnet with the same grading but different in shape. It has a dimension of 3mm height, 
diameter (cylinder shape) and 140mg in weight. The outlook of the magnets are shown in Figure 
7a and b. Comparison of performance for this two magnets will be discussed in chapter 4. 
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(a) (b) 
Figure 7. N45 grading rare earth permanent magnet: (a) Cubic shape; (b) Cylinder shape. 
The position of magnet has significant influence to the voltage output. It was found from previous 
study that horizontal dipole configuration give better result than vertical dipole configuration 
[20]. 
D. Copper coil 
Another significant factor affecting the voltage output of micro power transducer is the number of 
turns of coil. We have used an insulated coil with ~50|im in diameter to wrap around the inner 
housing, and the more the number of turns, the more voltage output was generated. The number 
of turns of coil wrapping around a transducer for the A A size micro power generator is -1700 
turns. The insulated coil used in our experiments is shown in Figure 8. 
• • . . : . 
詹 、 I 
Figure 8. The insulated coil with ~50/Jm in diameter. 
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E. Power Management Circuit 
To achieve the goal of 3 V DC voltage output, a rectifying circuit is necessary to convert the AC 
voltage generated by the micro power transducer into DC voltage. We had designed and 
fabricated a quadrupler, a tripler and a doubler as rectify and energy storing circuit. The rectifying 
circuits integrated with a 1000|iF capacitor are shown in Figure 9a to c and the schematic 
diagrams are shown in Figure 10a to c respectively. Using different circuit will have different 
performance, in choosing which circuit to be used depends on the how much voltage and current 
generated by the micro power transducer. A comparison on performance for quadrupler, tripler 
and doubler are shown in Figure 11. 
_ _國 
(a) (b) (c) 
Figure 9. Different rectifying circuits integrated with a lOOOflF capacitor: (a) Doubler; (b) Tripler; (c) Quadrupler 
Doubler Tripler Quadrupler 
. ^ ^ r r 閣 D2 r 身 ir^  T 
Y '] , r 
(a) (b) (c) 
Figure 10. Schematic diagram of: (a) Doubler; (b) Tripler; (c) Quadrupler. 
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Figure 11. Comparison on performance for Doublet) Tripler and Quadrupler. 
Experiments have been performed to evaluate the doubler, tripler and quadrupler in terms of 
energy efficiency, startup time and recharge time [21]. It was found that lower order of VM works 
better than higher order, however lower order VM may not be capable to charge up to required 
level. According to our test result, tripler was chosen to be the rectifying circuit for the A A size 
micro power generator, such that the power generator can achieve best result for our wireless 
temperature sensing system which will be introduced in Chapter 6 later. 
i 
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2.5 Integrated power cell 
The preliminary design of AA size power cell is shown in Figure 12. 
f Magnet Micro energy j g B ^ W 
inner t 『 咖 c U k c � \ 
(a) (b) 
Figure 12. Illustrations of: (a) inner structure of the micro power generator; (b) the AA size micro power generator 
which is integrated with a power-management circuit. 
In practical, we may need larger current in order to widen our potential applications. Experiment 
have proved that connecting two micro power transducers together in parallel will give a larger 
current output, whereas larger voltage could be obtained when connected in series. Therefore, we 
are able to adjust the performance of the AA size micro power generator to accommodate for 
different purposes. The dimensions and composition of components inside the AA size power cell 
is given in Figure 13 and the prototype of the power cell is shown in Figure 14a and b. 
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Figure 13. The AA-size micro power generator which consists of two transducers and a power management circuit. 
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(a) (b) 
Figure 14. An AA size micro power generator: (a) with a SLA (transparency) housing; (b) fitted into a battery 
holder. 
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The illustrative drawing and specification of the dual-transducers AA size power cell are shown 
in Figure 15 and Table 6 respectively. 
AA 5t2« conknntr 
transducer \ V M F ' ' ^ ^ ^ B m 
w 
Figure 15. Illustrative drawing of the AA size power cell integrated with two micro power transducers and a power 
management circuit. 
Table 6. Specification of the dual-transducers AA size power cell. 
A) Container Dimension 
Diameter 14 mm Diameter 10 mm  
Height 48 mm Height 16 mm  
Wall thickness 0.8 mm Rectifying circuit Tripler  
b m i B i S M l f ^ l M l f t l B i M B I i i l l f l l l H j Capacitor . |lOOO|iF 
HIII^I^B^^^B^s^HUll iHHU^ElE^HHI Performance of single transducer 
Diameter 12.4 mm  
Height 10 mm Vibration frequency 79 Hz  
No. of turns of coil -1700 turns Vibration amplitude ~250 nm 
Magnet dimension x 3mm x 3mm Unloaded voltage output (AC) -2.5 V peak to peak 
Magnet weight T 9 2 ^ Unloaded voltage output from �2 . 8 V DC 
Magnetic field strength � 3 6 00 Guass 二 = ( ^ 0 。 ） �? 5 y d C  
Material of micro spring Electroplated copper , … . . 
-rj—；^ g . s irai lOOkQ resistor. (DC)  
^P . G Corresponding power output (W) - 6 0 l i W 
Spring width 350 i^m 丨丨！ �i�丨丨丨 _j|mij丨|丨||iim, 丨,i,|ip||IHIHI•…•圓 
Spring gap 200 urn . 愚 
Spring thickness |~80 |im ~| |Weight |l0.5g 
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Chapter 3 M E M S Resonator 
3.1. Design of the micro resonator 
3.1.1. Introduction to micro resonator 
The principle of micro power generator is basically convert mechanical vibration energy into 
electrical energy by Faraday's Law of Induction. The micro resonator plays a significant role in 
this energy conversion system. With special design of the resonator, we are able to maintain a 
constant change of magnetic flux during vibration, hence continuous electrical power can be 
generated. Using ANSYS to simulate the resonating structures, it was found that springs with 
spiral geometry have lower spring constant and stress concentration than other designs, such that 
a larger displacement can be obtained [22]. 
Thus far, we have designed two different types of spiral structure for the micro resonator; the 
spiral and bi-spiral structure, which is shown in Figure 16. 藝⑩ 
(a) (b) 
Figure 16. A micro resonator with : (a) Spiral structure; (b) Bi-spiral structure. 
We have choose to use bi-spiral structure for the design of micro resonator because it can suffer a 
larger stress than spiral structure, therefore it will not be easily deformed under continuous 
vibration. 
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3.1.2. Selection of material 
The resonance frequency of the spring-mass system depends on the materials used for the 
resonating structure, and hence, the choice of spring material will affect the performance of 
power generator. Copper was chosen to be the material for the resonating structure because of its 
relatively low Young's modulus and high yield stress when compared to Silicon [23]. Some other 
materials such as brass, titanium and 55-Ni-45-Ti can also be considered, depending on the 
operation environment. For instance, titanium should be used if the power generator is designed 
to vibrate in extremely large displacement, as its yield stress is higher than copper. We have 
experimentally verified that brass and 55-Ni-45-Ti resonating structures could obtain a lower 
resonance frequency than copper due to their lower Young's modulus. The material properties of 
some metals which can be commonly found in the industrial and has been considered to fabricate 
the resonating spring are compared in Table 7. 
Table 7. Material properties of some common metals [23]. 
Name of Young's Yield Ultimate Poisson Fatigue Fatigue Electrical 
material modulus Stress Stress Ratio Limits Ratio Resistivity 
(Eb，Gpa) ( o y，Mpa) ( o u, Mpa) ( u ) (Mpa) (p’|iacm) 
Aluminum — 70.26 270 310 0.3石 21 “ 0.30 2.66 
Brass ~ 96.00 - 110.00 7 0 - 5 5 0 200 - 620 0.340 ~98- 147 0.31 — — 
Copper 129.80 5 5 - 7 6 0 230 - 830 0.3石 63" 0.29 1.67 
Gold 78.50 -131 — — 0.420 ~31 - O ^ 2.35 
hon — 2 0 8 ^ -250 — — 0.291 182 ols? 9.71 
Lead — 16.10 -15 — — 0.440 ~1 -0.06 20."^ 
Magnesium 一 44.70 8 0 - 2 8 0 140 - 340 0.291 70" 0.31 4.45 
Nickel 199.50 1 0 0 - 6 2 0 3 1 0 - 7 6 0 0.312 109 -0.35 6.84 
Silver — 82.70 -131 ~ 0.367 “ - 4 4 1.59 
Titanium 120.20 7 6 0 - 1 0 0 0 9 0 0 - 1200 0 . 3 ^ 364 0.59 — 
55Ni - 45Ti 83.00 “ 1 9 5 - 6 9 0 ^ ~ “ “ “ 二 
Shape Momory 
Alloy (Anstenitic)  
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3.1.3. Different modes of vibration 
Three distinctive modes of resonance were observed during experiment. These three different 
modes of resonant vibration were captured using a digital video camera and analyzed. A strobe 
light was used to synchronize the vibration motion of the mass. Sample frames from the digital 
movies are shown in Figure 17 which shows the 3 modes of vibration. The mode is a vertical 
resonance. For the and 3『己 modes, the mass appeared to cyclically rotate about an axis parallel 
to the plane of the coil. Most interestingly, the voltage output at the and modes of 
resonance for the generator is higher than the mode resonance. Physically, this can be 
explained by the fact that Faraday's Law predicts the voltage output to be proportional to the rate 
of changing magnetic flux, and hence, faster the movement of the mass, the greater the current 
induction. It was observed that the vibration amplitude of the rotation was very small compared 
to the vertical vibration at the mode resonance. Hence, if the a spring can be designed to 
vibrate in a horizontal plane with rotation, rather than to vibrate in a vertical direction relative to a 
coil, the voltage output can be increased and the stress on the spring can be reduced. 
z Zj 
遍dM金 
(a) (b) (c) 
Figure 17. Three distinctive modes of resonance : (a)产 mode of vibration in vertical direction; (b) mode of 
vibration in horizontal direction; (c) mode of vibration in horizontal direction. 
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3.2. Laser Micro-machining 
In previous work, we have used a Q-switch Nd:YAG (1.06jim wavelength) laser to 
micro-machine the spiral resonating spring. The laser machine is shown in Figure 18 and a laser 
micro-machined copper resonator with diameter of 8mm and 100|Lim thickness is shown in Figure 
19. To fabricate a micro resonator using laser micro-machining technique, we need to adjust the 
laser power, input pulse rate and scan speed. The optimal parameters for fabricating the micro 
resonator are determined experimentally and are shown in Table 8. 
Figure 18. the Nd:YAG laser machine for fabricating micro resonator. 
for 
^ ^ B ^ ^ B j S H V Laser power 65 
Input pulse rate 6 Hz 
Figure 19. A laser micro-machined copper spring. Scan speed ^  
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Using laser micro-machining to fabricate the micro resonator is direct, fast, but the cutting 
resolution is not ideal, the SEM pictures in Figure 20 show that the surface roughness of a laser 
micro-machined copper spring. Such deviation of surface quality may lead to the difference of 
working frequency and affect the performance in vibration. 
_ 國 
(a) (b) 
Figure 20. SEM pictures of: (a) a laser-micromachined copper spring with diameter of 5mm; (b) close up of the 
copper spring; width of the spring is -lOOjLOti. 
In order to fabricate more reliable resonator, we have developed another process which involves 
high-aspect-ratio electroplating of copper using lithographic techniques. The micro resonator 
fabricated by lithographic based techniques is more controllable than those by laser 
micro-machining and is possible for batch fabrication process. Detailed fabrication process will 
be introduced in the following section. 
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3.3. MEMS Fabricated Spring 
3.3.1. Introduction of SU-8 based electroplating technique 
In this section, the procedures for fabricating the resonating spring using lithography-based 
technique will be introduced. The fabrication process can be divided into two main processes; the 
fabrication of SU-8 mold and electroplating of copper. The mold of micro resonator will be 
fabricated by a SU-8 based process, copper metal will be electroplated to the SU-8 mold and the 
micro resonator with desired dimension can be fabricated. 
SU-8 is a high contrast, epoxy based photoresist designed for micromachining applications. Film 
thicknesses of 0.5 to 200 mm can be achieved with a single coat process. In our application, 80 
|im is the designed thickness for the resonating spring. 
Using the photoresist SU-8, we are able to fabricate a mold of the resonating spring for 
electroplating. Two different kinds of materials, nickel and copper have been used for 
electroplating. The two electroplated resonating springs are shown in Figure 21. 
mm 
(a) (b) 
Figure 21. Micro resonator fabricated by SU-8 based electroplating technique: (a) nickel; (b) copper. 
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We have experimentally found that using PMMA as substrate is easier to remove SU-8 
photoresist then silicon wafer after electroplating. The electroplating station, ECSI Fibrotools tm 
which is shown in Figure 22, has been used for the electroplating process. It is a practical 
benchtop too and is designed solely to electroplate high-resolution interconnects and fine metallic 
features on substrate. 
Figure 22. The electroplating station, ECSI Fibrotools 
We are interested in this process because it can batch fabricate high aspect ratio resonating spring 
with good quality. The electroplated springs are strong but still elastic; the pictures of a copper 
spring being stretched are shown in Figure 23a and b. 
圓邊:、 
(a) (b) 
Figure 23. Pictures of: (a) an electroplated copper spring being stretched; (b) an elastic copper spring. 
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Moreover, by adjusting the time and current during electroplating, the desired thickness of 
resonating spring can be achieved, which was not possible to make it using laser-micromachining 
technology. Some SEM photos of the electroplated nickel spring are shown in Figure 24a to d. 
• 國 
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(c) (d) 
Figure 24. SEM pictures of a nickel resonator with: (a)lOOx magnification; (b)500x magnification; (c) 2000x 
magnification; (d) SOOOx magnification. 
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3.3.2. Fabrication process 
The illustrative drawings of the fabrication process are shown in Figure 25. 
Seed layer 
(a) taBHiHiHiii (d) m m t m M ^ m m 
PMMA wafer 
SU-8 Photoresist Copper 
(b) (e) ^ ^ ^ ^ ^ ^ ^ ^ 
uv 
•Ml Hyi BKr Copper 
(c)| - 1 ( < ) • • • 
Figure 25. SU-8 based copper resonator fabrication process, (a) Sputter Cr/Au seed layers on PMMA substrate; (b) 
coat thick SU-8 negative PR and soft bake： (c) expose SU-8 PR with spring pattern mask using UV light source; (d) 
develop in SU-8 developer; (J) electroplate copper into the SU-8 mold; (g) strip SU-8 and PMMA substrate by 
MicroChem Remover. 
The fabrication process starts with a polymethylmethacrylate (PMMA) substrate. The Cr/Au 
(500A/2000A) seed layers are deposited on a PMMA substrate by E-beam deposition. SU-8, a 
negative thick photoresist (PR), is deposited on the PMMA by spin-coating (100-150|im thick). 
The resist is soft baked in an oven at 40°C for 2 days. After that, the resist is exposed with 400mn 
UV under a mask with the designed spring patterns for 20 minutes. Following the exposure, the 
resist is developed in SU-8 developer for 10-15 minutes at room temperature with mild agitation 
and rinsed with isopropyl alcohol. The above processes create the thick SU-8 mold on a PMMA 
substrate as shown in Figure 26. 
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(a) (b) 
Figure 26. SEM pictures showing the mold pattern on a PMMA substrate: (a) a top view; (b) a close-up of the 
highlighted region. 
Then, the mold is used to electroplate copper with a current density of 40mA/cm^ for 1.5 hours. 
Copper spring with 80|im thickness as shown in can be fabricated in the SU-8 mold using the 
above parameters. Finally, the SU-8 resist and PMMA substrate are separated using the 
MicroChem Remover, resulting in isolated copper spring resonators as shown in Figure 27. 
H H | H ；"# 爆 # 霧 
(a) (b) 
Figure 27. an array of micro resonators: (a) after electroplating process; (b) isolated by MicroChem Remover. 
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Chapter 4 Characteristic of A A Size 
Micro Power Generator 
In this section, the experimental results and analysis on micro power generator will be presented. 
We will first focus on the properties of single power transducer instead of the integrated power 
cell. After some analysis on experimental results and modification on the design, we are able to 
integrate a whole power cell for applicable usage. 
The experiment flow in developing the AA size micro power generator is shown in Figure 28: 
Testing on a single fN. Connect two micro 
micro power power transducers 
transducer. j together. 3 
Finding method to Testing on the AA 
enlarge power size micro power 
output. 2 generator. 4 
Figure 28. Block diagrams showing the experiment flow in development of an AA size micro power generator. 
1) Understand the characteristic of a single micro power transducer. 
Experiments were performed to test the output characteristic of micro power transducer. Although 
the transducer is capable to charge up a power management circuit, however the current output 
was not sufficient to drive a wireless temperature sensing system. Therefore, modification on the 
design for micro power transducer were carry on to increase the power output. 
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2) Finding a method to increase the power output suitable for applicable usage. 
Two approaches have been tested in order to increase the power output: a) using two magnets 
instead of one for the spring-mass system; b) connecting two micro power transducers together to 
superpose the power output. Using two magnets for the spring-mass system was found to be 
inapplicable while connecting two transducers together give cheerful results. Therefore, detailed 
characteristics of combined transducers were being tested. 
3) Verify the concept of dual micro power transducer to increase power output 
Based on the result from connecting two micro power transducers together, we found that the 
vibration are in the same phase which implies that it is possible to superpose the power output. 
Moreover, the orientation of two transducers were found to have significant influence to the 
vibration characteristic and hence the power output. Therefore, we are able to optimize the power 
output of the two micro power transducers for useful applications. 
4) Testing the characteristic of integrated AA size micro power generator. 
With the findings from previous experiments, we integrated two micro power transducers 
together and packaged with the power management circuit into an AA size battery container. 
Experiment on using this integrated power cell to drive a wireless temperature sensing system 
was proved to be succeeded. The characteristic of this AA size micro power generator vibrating at 
difference frequency were being measured which may give a useful reference for finding 
potential application for the power cell. 
Some of the experiments and findings mentioned above are to be presented in the following 
sub-sections. 
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The experimental setup for measuring the transducer characteristics is shown in Figure 29. 
^ _ I ‘‘. ^ J I i i i i i i i i i q i ' i ^ ' : : ' j f t ^ ^ K M 
Figure 29. Experimental setup for measuring generator output and characteristics. 
A signal generator is used to control the input vibration frequency and amplitude of the vibration 
shaker. A cantilever beam is attached to the shaker at one end, the transducer is mounted at the 
other end of the beam and experience vibration generated by the shaker. The acceleration of beam 
vibrates with input amplitude approximately 200|jjn at different input frequencies are shown in 
Figure 30. The output of transducer is connected with the CRO to record the waveform of voltage 
generated. A strobe light can be used to freeze the fast motion of magnet under high frequency 
vibration, such that it is possible for human's eye to observe. 
Input frequency vs vibration acceleration 
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Figure 30. Vibration acceleration of beam at input frequencies 50Hz to llOHz. 
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4.1. Experiment on a single micro power transducer. 
In this experiment, we have tested the characteristic of a single micro power transducer. We have 
built a transducer using SU-8 based electroplated copper spring as the micro resonator, and 3 
different experiments will be performed which i) measures the voltage output of the micro power 
transducer without any loading, ii) the voltage output when connected with power management 
circuit and iii) the voltage output when connected with a lOOkQ resistor. The configuration of 
transducer, micro resonating spring and power management circuit are shown in Table 9. 
Table 9. Configuration of micro power transducer in this experiment. 
Transducer configuration 
No. of turns of coil -1700 turns 
Micro resonating spring configuration 
Material Electroplated Copper 
Type Bi-spiral 
Spring width 350|Lim 
Spring gap 200|Lim 
Spring thickness 100|j,m 
Power management circuit configuration 
Rectifier Quadrupler 
Capacitance 1200|lIF 
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4.1.1. Testing a single transducer without loading 
The waveform for the voltage output of a single transducer in different resonance frequencies are 
shown in Figure 31a to c and the results are summarized in Figure 3Id. The magnet is vibrating in 
ist mode at 85.5Hz, 2 " �m o d e at 102Hz and mode at l l lHz . It was found that the mode 
vibration of this transducer generate less voltage than the other 2 modes, therefore in experiment 
2 and 3，we will emphasis on measuring the waveform at and mode only. 
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Figure 31. Voltage output of the micro power transducer : (a) vibrating at 1" mode; (b) vibrating at 2"'' mode; (c) 
vibrating at 3"' mode; (d) recorded from three different modes of resonance. 
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4.1.2. Testing a single transducer connected with a power management circuit 
In experiment 2，we have connected the transducer to a power management circuit which consists 
of a quadrupler and a 1200|iF capacitor. It was observed that the capacitor takes about one minute 
to charge up to 2V at and mode, which occur at 85.5Hz and l l lHz respectively. The 
voltage output of the transducer and the capacitor is shown in Figure 32a and b. The Waveform 
shown in CHI is the output of transducer while the one shown in CH2 is the output from 
capacitor. The results measured are summarized in Figure 32c. 
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frequency (Hz) (Vp-p) in capacitor (V) 
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Figure 32. Voltage output of the micro power transducer and capacitor: (a) vibrating at ]"' mode; (b) vibrating atSrd 
mode; (c) recorded from two different modes of resonance 
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4.1.3. Testing a single transducer with power management circuit and a lOOkQ 
resistor 
In experiment 3，a lOOkQ resistor is connected to the capacitor of the power management circuit, 
the potential difference across the resistor was measured. The capacitor was charged to about 
1.55V at ist mode and 1.65V at mode. Using these values, we calculated the power output for 
the transducer when loaded with a 100k^2 resistor are ~24nW at mode and ~21\iW at mode 
respectively. The voltage output of the transducer and potential difference across the 100k^2 
resistor are shown in Figure 33a and b. The Waveform shown in CHI is the output of transducer 
while the one shown in CH2 is the potential difference across the 100k^2 resistor. The results 
measured are summarized in Figure 33c. 
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Figure 33. Voltage output of the micro power transducer and potential difference across a lOOkQ resistor : (a) 
vibrating at 1"' mode; (b) vibrating atSrd mode; (c) recorded from two different modes of resonance with a calculated 
power output. 
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4.1.4. Summary of experiments on the micro power transducer 
Measurements from the three experiments are summarized in Table 10 for the ease of comparison 
and study. 
Table 10. Summary of measurement from the three experiments on a single transducer. 
1st mode 2nd mode 3rd mode Charge up Power 
voltage in output 
Frequency Voltage Frequency Voltage Frequency Voltage capacitor (W) 
(Hz) output (Hz) output (Hz) output /ys 
(Vp-p) (Vp-p) (Vp-p)  
l1 Micro power transducer 85.5 Hz 1.34V 102 Hz 1.04 V 111 Hz 1.44 V N.A. N.A. 
with MEMS fabricated 
copper spring (without 
一 loading)  
1： Micro power transducer 85.5 Hz L2V N A N A l l l H z U V 2W N.A. 
with MEMS fabricated 
copper spring (with 
power management 
_ c i r c u i t ) ；_  
1： Micro power transducei 85.5 Hz 1.04 V N A N A l l l H z i T v 之作W 
with MEMS fabricated �� 
. , ( 1 mode) mode) copper spring (with 
二：：；r 
resistor) (3 mode) | (3 mode) 
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4.2. Experiment on finding a way to increase power output 
Based on the experimental findings mentioned in section 4.1, the micro power transducer was 
definitely unable to drive a wireless temperature sensing system. Therefore, we need to decide 
some methods to enlarge the power output. 
BIY.O) 
According Eq. 1 0 ， F �= a s mentioned in chapter 2, voltage output is directly 
proportional to the magnetic field. Therefore we believe a larger voltage would be generated if 
the magnetic field of the system increases. As a result, an additional magnet with same dimension 
as the original one was mounted at the other surface of resonating spring and being tested. The 
orientation of two magnets is shown in Figure 34a. 
I _ 
(a) (b) 
Figure 34. (a) The illustrative drawing of a double magnet transducer; (b) The photo of a broken resonating spring 
due to large stress in vibration. 
With an additional magnet, the voltage generated by transducer was slightly increased, however 
due to the larger mass in the spring-mass system, the resonating spring experience larger stress 
during vibration and hence very easy to break soon after vibrating for several minutes. The 
broken part is as shown in Figure 34b. Therefore, this approach was proved to be inapplicable. 
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Another approach to enlarge the voltage output is connecting two transducers together to 
superpose the voltage generated. Two micro power transducers with same dimension are vibrated 
at the same time, under the same input vibration frequency and amplitude, and the waveform of 
their voltage output was recorded. The result is shown in Figure 35. It was found that the two 
transducers were vibrating in the same phase which give a cheerful result on superpose the 
voltage generated. 
T e ) k J ^ - stop ^  M Pos; -1200ms MEASURE 
J ； I J • ； I I • • ； Source 
: ffll 
•I 1111) 11111VI • 1111111 M I • I i 111111111111 (111 < 11 < 1[isBMSIBS 
i 5 i i i 三 i i i i : 623mV? 
j \ V / ^ \ ： / : \； I B 
i ； : : : : : : : : : : 711 mV 
CHI 1.00V CH2 1.00V M 5.00ms CHI f 肌OmV 
Figure 35. Two micro power transducers vibrating at the same frequency were recorded to have the same phase of 
vibration. 
This result suggested that when two micro power generator under the same vibration, their 
vibration properties would be more or less the same, the slightly difference in voltage output may 
caused by offset of magnet position from the center. With the support of this result, we are able to 
combine two micro power transducers together to enlarge the output of generator. 
We have shown that when connecting two micro power transducers together in parallel will give 
a larger current output, whereas larger voltage could be obtained when connected in series. 
Therefore, we are able to adjust the performance of the AA size micro power generator to 
accommodate for different purposes. 
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4.3. Experiment for connecting two micro power transducers 
This section will presents two experiments on the connected micro power transducers. The first 
experiment includes some measurements on the two transducers, while in the second experiment, 
the transducers are connected with a tripler and a 1 0 0 0 | L I F capacitor. The characteristics of 
combined micro power transducers loaded with varies resistances were being measured. 
The configuration of transducer, micro resonating spring and power management circuit are 
shown in Table 11. 
Table 11. Configuration of micro power transducers in this experiment. 
Transducer configuration 
No. of transducer 2，connected in series 
No. of turns of coil � 1 7 0 0 turns each 
Micro resonating spring configuration 
Material Electroplated Copper 
Type Bi-spiral 
Spring width 350|im 
Spring gap 200|am 
Spring thickness 80|Lim 
Power management circuit configuration 
Rectifier Tripler 
Capacitance lOOOnF 
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4.3.1. Testing on two micro power transducers connected in series 
In this experiment, we measured the voltage output of two micro power transducers connected in 
series, the unload Vp-p and Vrms output of the transducers are 2.4V p-p and 780mV respectively 
with an input vibration of 70.6Hz. Different values of resistors are loaded to the transducers and 
the corresponding Vrms output from the transducers are recorded. The measured results are 
shown in Table 12. 
Table 12. Load voltage (Vrms) of the transducers when loaded with different value of resistors. 












Using the above results, we calculated the approximate power output of the combined transducers 
with different loadings. The power verses resistance and power verses load voltage (Vrms) graphs 
are shown in Figure 36 and Figure 37 respectively. The power output of this combined 
transducers range from 10|J-W to 80|J-W. 
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X P-R characteristic for two coils in series at 70.6Hz 
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Figure 36. Power output verses resistance graph for the combined transducers vibrating at 70.6 Hz. 
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Figure 37. Power output verses load voltage rms graph for the combined transducers vibrating at 70.6 Hz. 
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The load voltage (Vrms) verses current relation is plotted in Figure 38. From this graph, we are 
able to calculate the internal resistance of the transducers by calculating the slope value of this 
straight line. 
V-l characteristic for two colls in series at 70.6Hz 
0.81 1 1 1 1~ I 1 1 1  
\ 
0.75 - \ \ -
\ 
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 
Load Current (A) ^^Q* 
I 
Figure 38. Load voltage verses current graph for the combined transducers vibrating at 70.6 Hz. 
The slope of this straight line is -1031 which gives that the internal resistance of the combined 
transducers is 1031^2. 
> 
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4.3.2. Testing on combined micro power transducers with power management 
circuit 
In this experiment, we connected a power management circuit which consist of a tripler and a 
1000|lIF capacitor to the combined transducers. With an input vibration frequency of 70.6Hz, the 
unload Vp-p of the transducers is 2.2V p-p AC and the unload voltage output of the power 
management circuit is 2.5V DC after charging for about one and a half minute. It was recorded 
that the charging time for the capacitor charge up to 2V DC is about 65.8 seconds. Different 
values of resistors are loaded to the power management circuit and the corresponding voltage 
outputs from the circuit are recorded. The measured results are shown in Table 13. 
Table 13. Load voltage (DC) of the power management circuit when loaded with different value of resistors. 
Resistor (p ) Voltage (DC) measured across Voltage (p-p AC) measured 
power management circuit across transducers 
unload 2.5V 2.2V 
287K 2.148V 2.1V 
142.1K 1.94V 2V 
95.2K 1.8V 1.94V 
74K 1.695V 1.9 V 
57.6K 1.57 V 1.82V 
47.8K 1.46V 1.77V 
40.8K 1.37V 1.72V 
36.6K 1.31V 1.7 V 
31.6K 1.235V 1.65 V 
29K 1.2 V 1.65V 
We calculated the approximate power output of the power management with different loadings. 
The power verses load voltage (DC) graph is shown in Figure 39. 
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Figure 39. Power output verses load voltage graph of combined transducers with power management circuit when 
vibrating at 70.6 Hz. 
With these results, we are able to approximate the power consumption of the wireless temperature 
sensing system which is going to be discussed in Chapter 6 in details. When using the micro 
power generator to drive the wireless temperature sensing circuit, the operating voltage is about 
1.6V to 1.8V DC. From the above graph, it was found that when the load voltage lies between the 
ranges 1.6V to 1.8V, the power output calculated is about 30jiW to 40nW. Therefore, the power 
consumption of the wireless temperature sensing system is approximately SO i^W to 40|iW. 
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4.4. Experiment on the integrated AA size micro power generator 
In this section, the characteristic of an integrated AA size micro power generator consists of two 
transducers and a power management circuit was being tested. The micro power generator being 
mounted at the tip of a vibrating beam is shown in Figure 40. 
f 
mWKM 
^ K M P m 
Figure 40. An integrated AA size micro power generator under forced vibration. 
It was found from experiment that, the dipole orientation of magnet inside two transducers has 
significant influence to the voltage output. Detailed description and explanation will be presented 
in section 4.4.1 • The experimental result of AA size micro power generator under varying input 
vibration frequencies will be presented in section 4.4.2. 
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4.4.1. Interaction of magnetic dipole between two micro power transducers 
In previous studies, we found that if the magnet inside a transducer is placed in horizontal dipole, 
larger voltage can be produced in and 3'''^  mode of vibration [20]. In this section, we 
discovered another interesting phenomenon, which is caused by magnetic attraction between the 
two micro power transducers. It was found that, if two transducers are placed together in vertical 
such that their magnetic dipoles are in opposite direction, the magnets inside both transducers can 
be vibrated in mode smoothly, and hence a larger voltage was being induced. The illustrative 
drawing of magnetic dipole orientation between two transducers is shown in Figure 41. 
圓 
Figure 41. Illustrative drawing of magnetic dipole orientation between two transducers which can produce a larger 
voltage output. 
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As illustrated in Figure 42a, when the magnetic dipole of both transducers are pointing at the 
same direction, a repulsive force is produced between the two magnets. This repulsive force is 
quite small but still affects the vibration of magnet. The magnets can not vibrate in mode at 
this configuration and hence less voltage was being generated. When the magnetic dipole of two 
transducers are pointing at opposite direction as illustrated in Figure 42b, An attractive force is 
produced amount two magnets. This attractive force enhances the vibration of both magnets, and 
the magnets are observed to be vibrating in mode smoothly with a significant large voltage 
output. Therefore, the orientations of magnetic dipole of two transducers are being placed in 
opposite direction in order to maintain a larger voltage output. 
f ^ ^ magnetofthe ^ ^ ^  
IXNX upper transducer I N ^ 
會 會 言 會 言 晷 暴 暴 暴 晷 
Re puis i ve force Attract! ve force 
晷 晷 晷 晷 晷 言 言 言 言 會 
/ f ^ l y ^ lower transducer ^ y ^ 
(a) (b) 
Figure 42. Illustrative drawings of: (a) magnetic dipole of two transducers pointing at the same direction; (b) 
magnetic dipole of two transducers pointing at opposite direction. 
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4.4.2. AA size micro power generator under varying input vibration frequencies 
To test the power-conversion cell, a 100k^2 resistor was connected to the capacitor of the power 
management circuit, and the potential difference across the resistor was measured. At 3rd mode 
vibration, it takes about one and a half minutes for the capacitor to charge to ~2.5V DC. The peak 
to peak voltage output of micro power generator at input vibration frequencies from 0-120 Hz 
was measured and is shown in Figure 43. 
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Figure 43. Peak to peak voltage output of the AA size micro power generator at different input vibration frequencies. 
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The micro power generator tested in this experiment has the largest voltage output when vibrating 
at 79Hz. The two transducers connected in series vibrate at its resonance frequency and 
superimpose the voltage generated, resulted in a sharp peak as shown in Figure 43. Measurement 
of RMS voltage input and output from the power management circuit is shown in Figure 44. 
RMS voltage output versus input vibration frequency 
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Figure 44. rms voltage measurement at input and output of the power management circuit at different vibration 
frequencies. 
When the generator is vibrating at 79Hz, the RMS voltage generated by the two transducers are 
�840mV，the power management circuit step up the voltage to �2 .46V which is almost three 
times the input voltage. The power output for the transducer when loaded with a lOOkQ resistor 
is �60| l iW. The power output of the generator at different input vibration frequencies is shown in 
Figure 45. 
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Figure 45. Power output of the micro power generator loaded with a lOOkQ resistor at different input vibration 
frequencies. 
The results given above were obtained using two transducers connected in series for the cell. The 
transducers can also be connected in parallel in the case that larger current is desired. 
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Chapter 5 Simulation and Analysis 
5.1. FEA Modeling of the MEMS Resonators 
Finite element analysis was used to study the vibration characteristics of different geometric 
configurations and spring designs. The copper resonating spring and magnet were modeled using 
ALGOR as shown in Figure 47 . With the use of linear modal analyses, the vibration resonances 
of the micro spring-mass were extracted from the simulation. Vertical translation vibration was 
observed in the first mode as indicated in Figure 47a. In the second and third modes, horizontal 
rotational movements were observed (Figure 47b and c). The geometric values and material 
properties used in the analyses are provided in Table 14 and an average of 15% deviation was 
identified between the simulated resonant frequencies and experimental measurements. As 
indicated in Table 14, a decline of resonant frequencies is observed with narrowing spring gap, 
which can be explained by the decrease of spring constant resulted from the increased total 
spring length. Besides, by comparing the resonant frequencies resulted from a bi-spiral (two 
spiral springs) and single spiral (see Figure 46) springs in identical configurations, a significant 
reduction of vibration frequencies is observed, which can be explained by the considerable 
decrease of spring constant caused by the increase of spring length and reduction of spring 
cross-section area. 
�� 
Spiral n Bi-spiral 
Figure 46. Finite element model of the micro resonating spring. 
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Figure 47. Simulation and experimental results for 3 different resonance vibration modes are matched: (a) 1st mode 
vibration (vertical); (b) 2nd mode vibration (horizontally along x axis); (c) 3rd mode vibration (horizontally along 
an axis between x and y axis). 
Table 14. Finite element simulated resonance of different spring geometric configurations. 
. Center „ . „ • Simulated resonant modes and frequencies (Hz) 
„ . j .pnng platform • *Experimentally measured values 
Spring type diameter , width gap ^  
” b 斤 ， \ diameter , � ， � o ^ 7 
(mm) (mm) ( | im) (^m) i 2 j 4 
^ 102 (86*) 126(102*) 128(111*) m 
Bi-spiral 7 3..5355 350 
200 88(76*) 107(98*) 112(104*) ^ 
Bi-spiral ^ 124 143 ^ 
7 1 200 800 
Spiral ^ � 5 80 JTs 
Bi-spiral m m m m 
5 3 200 400 
Spiral ^ ll ^ nS 
Spring thickness = 100帅；Magnet weight = 200mg; Material properties of spring (copper): Mass density 二 8902.3kg/m''; Modulus 
of elasticity = 117.21GPa; Poisson's ratio = 0.330; Shear modulus of elasticity = 44.126GPa; Material properties of magnet: Modulus 
of elasticity = 158.58GPa; Poisson's ratio = 0.275; Shear modulus of elasticity = 62.l90GPa; 
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5.2. Micro power generator system modeling 
To model different behaviors of the MPG due to electro-mechanical coupling effects, basic 
principles of electromagnetic theory are adopted. According to the Faraday's Law of induction, a 
voltage is induced in a coil when there is a change of magnetic flux through the loop of coil. This 
induction behavior is contributed by the mass-spring resonator structure in the micro transducer, 
where a magnet is attached to a spring and moves through a coil which is fixed on the housing of 
the device. This is depicted in Figure 48. 
X / ~ 
m / 一 Magnet / Yl 
Magnet ；^ / n attached 
attached to 厂 ; t o sprint 
spring 一 
— y m 
(a) W  
Figure 48. Motion of the mass-spring resonator structure through the coil :(a) Translational motion; (b) Rotational 
motion. 
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The induced emf in the coil is given by Faraday's Law as: 
emf = -N 丄 
Eq. 1 
where N is the number of turns of coil and (z)is the flux. The flux (p is defined by: 
(l) = B { x ) ' A Eq. 11 
where A is the vector area of the loop of coil, and 5(3c) is the magnetic field at the coil at a 
distance x from the magnetic dipole, which is given by: 
" � - 石 ^ Eq. 12 
Here, m represents the magnetic dipole moment of the magnet, n is the unit vector in the 
X -direction, and juq is the permeability constant. Based on the above expressions, an 
electro-mechanical model was implemented in MATLAB such that different magnitudes of 
induced emf could be obtained by varying the orientations and movements of the magnetic 
dipole moment. Results of different configurations can also be analyzed. Thus, the model serves 
as the basis for system level optimization. As an example, an SU-8 fabricated spring with 
parameters given in Figure 49 was experimentally tested and compared with the modeled results 
using the model. As indicated in Figure 49, the experimental and modeled results matched well 
in terms of output voltage amplitude. However, the predicted output frequency has slight 
variation from the experimental results (i.e., 167.8Hz for experimental and 176Hz from 
modeling). We conjecture that this is mainly due to the location of the magnet on the copper 
resonator, which is not well-controlled in our current packaging process. 
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Figure 49. Comparison of experimental and modeled results at ”' mode resonance. 
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5.3. Optimization 
The main tasks of software implementation of the vibration-induced micro power generator are to 
perform model simulation and parametric optimization before the design is finalized. 
Previous studies by Finite Element Analysis have shown that the micro energy transducer has 
three different primary modes of resonant vibration. The first mode is pure vertical translation, 
whereas in the second and third mode, the resonating spring-magnet structure appeared to rotate 
about an axis parallel to the plane of coil. 
A lump-mass model was also built for simulation and analysis. However this model has some 
limitations and shortcomings. Firstly the model only approximates the first resonating mode of 
the system. The rotational motion present in the second and third mode was not implemented. 
Secondly the model was built under the assumption that the magnet is a perfect magnetic dipole. 
Detailed modeling of possible magnetic dipole orientations was not performed. 
Due to these limitations, new software models based on basic principles of electromagnetic 
theory need to be implemented. This is to accommodate different system behaviors such as 
varying dipole orientations different modes of vibration. So far the following configurations are 
first analyzed: 
1. Translational vibration, vertical magnetic dipole relative to coil 
2. Translational vibration, horizontal magnetic dipole relative to coil 
3. Rotational vibration, vertical magnetic dipole relative to coil 
4. Rotational vibration, horizontal magnetic dipole relative to coil 
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Derivations are carried out for the above configurations and they serve as the basis for modeling 
in MATLAB. The purpose of performing MATLAB simulations first is that a general picture of 
the pros and cons of different configurations can be obtained. An approximate prediction of the 
output voltage and power of the micro energy transducer can also be acquired. 
In order to provide reasonable prediction, the MATLAB models need to be validated first. This 
can be done by comparing simulation and experimental results. A comparison of the simulation 
result of the first configuration (translational vibration, vertical magnetic dipole) and the 
experimental result is shown below. 
For an input vibration frequency of 88 Hz, the output no-load voltage simulated by the MATLAB 
model is illustrated in Figure 50. 
Output Voltage Time 
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Figure 50. The output no-load voltage simulated by the MATLAB model at an input frequency of 88 Hz. 
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The simulated result shows that for a vertical magnetic dipole, the output no-load voltage 
generated by the micro transducer under the first resonance mode at 88 Hz is 0.452V 
peak-to-peak. This is rather close to the experimental result where an output no-load voltage of 
0.448V peak-to-peak is recorded. This offers us confidence that the MATLAB modeling process 
is on the right track. 
Optimization design is expected to be carried out using Finite Element Analysis. Parametric 
values such as different spring and magnet configurations can be varied and the effect is observed. 
If a satisfactory simulation result is found, experiments can be conducted to test the new 
configuration. This parametric optimization process continues until an optimized design is 
achieved. 
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Chapter 6 Applications 
In our previous studies, we have developed various micro power generators that convert ambient 
vibrational energy into electrical energy sufficient to drive a low-power circuit system. We have 
demonstrated prototype generators that were able to power a commercial IR remote control and a 
custom-built wireless temperature sensing system [17]. In section 6.1, we will demonstrate using 
an AA size micro power generator to drive a low-power temperature sensing system with RF 
transmission. The setup of this experiment is shown in Figure 51. 
(a) (b) 
Figure 51. The experimental setup of: (a) using an AA size micro power generator to drive a wireless temperature 
sensing circuit; (b) a RF receiver connected with computer to receive and record the data transmitted from the 
temperature sensing circuit. 
Besides, we have measured vibration characteristics of a car to find potential usage of the micro 
power generator for automobile applications. Measurement of car vibration at stationary and 
traveling condition will be presented in section 6.2. Moreover, a human motion analysis was 
carried out in section 6.3. 
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6.1. Wireless Temperature Sensing System 
In this experiment, we have integrated the two transducers and power management circuit 
together in an AA size battery housing, a wireless temperature sensing system as shown in Figure 
52 was implemented to demonstrate an application of the micro power generator. It measures the 
environment temperature and send to the receiver at radio frequency 433 MHz. This circuit has 
compact size and low component counts. The temperature sensor and RF transmitter were 
packaged into a black box, the RF receiver was packaged in another black box which are as 
shown in Figure 53a. The data received by computer will be displayed on an interface as shown 
in Figure 53b. 
mm 
(a) (b) 
Figure 52. A wireless temperature sensing system transmit at radio frequency 433MHz : (a) front side; (b) back side. 
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(a) (b) 
Figure 53. the picture of: (a) RF transmitter and receiver packaged into a black box; (b) a computer interface for 
displaying data measured. 
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The system block diagram is shown in Figure 54. The system has three main components: the 
micro power generator, startup circuit and application circuit. The micro power generator 
contains a voltage tripler which converts the AC input voltage to a DC voltage. The startup circuit 
only applies power to the application circuit when voltage at the output of tripler exceeds a fixed 
threshold, Vth(H). Without the startup circuit, the application circuit will begin to operate well 
before the minimum voltage required for correct operation is reached, and a large power 
consumption results. This results in a situation in which the voltage at the output of the tripler 
cannot continue to rise as shown in Figure 55. The schematic of the startup circuit is shown in 
Figure 56. The output of startup circuit is active-high. It will switch on the NMOS transistor 
when the supply voltage is higher than Vth(H), typically 1.9V. It will switch off the NMOS when 
the supply voltage drops lower than Vth(L). The NMOS switch acts as a power switch for the 
application circuit. When the NMOS turns on, a return path between system ground of 
application circuit and power ground is provided. The output characteristics of startup circuit and 
system supply are shown in Figure 57. 
AA-sIze MPG Startup and application circuit 
^ 。 .SYSTEM.PWR . 
I PvvrReg — 卞 
Voltage 
Multiplier ^ startup Circuit uP RF Tx ~ 
C o i l @ L _ J 
T IT 丁 
_ 1 1 1 IMP 
: I 了 “ Sensor 
1 SYSTEM.GNi) 
Figure 54. Block diagram of wireless temperature sensing system. (Courtesy o/Mk C L Yuen of CVHK CSE Dept.) 
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( 
Figure 55. System supply stuck at V,h(On) without startup circuit 
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Figure 56. Schematic of startup circuit 
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Figure 57. Output characteristics of startup circuit and system supply 
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Figure 58. CRO screen capture for system startup 
The Startup time for the switch capacitor regulator and microprocessor are shown in Figure 58. 
The startup process is described as follows: the output pin of comparator is asserted when it 
detects that the voltage across a ImF reservoir capacitor is higher than a predefined voltage, say 
1.9V. The switch regulator takes ~600|is to step up its output to 3V. Once the supply is higher 
than 1.8V, the microprocessor resets and the initialization time is ~545.4)is. 
2 . 0 V V W ~ f - A A A / f  
22k 3R 
Startup ——Application 
Figure 59. Setup for measuring power consumption of the startup and application circuit 
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The setup for measuring the power consumption of the startup circuit and application circuit are 
shown in Figure 59. The measured energy and power consumption of each stage are shown in 
Table 15. The energy consumption is measured by observing the voltage across a resistor and 
the voltage across startup circuit. In the column "Energy Consumption->Measured(+Corrected)", 
the energy with a correction for the measuring resistor is given. The average power 
consumption for the system during each stage of operation is illustrated in Figure 60. 
Table 15. Energy Consumption Statistics for whole startup and application circuit 
Energy Consumption Power 
Time � ^ consumption 
taken + , Measured I T ~ T 7 T ~ Estimated ,,广 , C a l c u l a t e d  (+Corrected)  
Regulator , 49.01|aJ+0.006|aJ I T T " ^ ^ 
Startup 卿 s n/a 81.70mW 
Mkroporcessor 545 1 4 . 9 4 = 0 . 0 � ^ J 27.57mW 
Startup+mit =15.0368|iJ  
T e m p e r a t u r e i . 4 i o 9 s 33.1875^a 1 . 5 = 1 7 _ 2 5 . 5 5 _ 
conversion � =36.05|iJ  
Wireless 7 7 Z . . . . 112.447|uJ+0.06107^J T . . 4.167ms 109.43 luJ 1 二 … 27.00mW Transmission =112.5Q9|iJ  
Sleep t 2Qt|aJ 22.38t|Lj 2 2 . 3 8 譯 一 
— T o t a l (212.62+12.2450 I-aJ 一 
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Figure 60. Average power consumption of the system in each stage. 
In conclusion, a wireless thermometer was implemented and tested with the A A size micro power 
generator. It took about 45 seconds for first activation and consecutive measurements can be 
made with a period of 25 seconds. 
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6.2. Measurement of car vibration for noval applications 
Vibration occurs at many places in our daily life. One of the most common situations is vibrations 
in cars. Vibrations in cars are mainly due to the engine vibration and rough pattern of road. The 
following experiments were performed to investigate vibration characteristics at different 
positions of a car. A year 1996 Honda Civic was tested in the experiment. As vibrations in cars 
are unevenly distributed, we believe different positions should have different vibration amplitude 
and frequency, therefore we have chosen four different positions to perform our experiments. The 
location of these test points are shown in Figure 61. 
I I I I 〇 〇�
Figure 61. Location of testing points in the vehicle. 
1) Position 1 is located at the place right below the front glass. 
2) Position 2 is located right behind the steering wheel. 
3) Position 3 is located beside the gear box. 
4) Position 4 is located at the back of the car, right below the rear glass. 
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6.2.1. Measurement of car vibration in stationary condition 
In this section, we have measured the vibration characteristics of car in stationary state. 4 sets of 
data are collected and the results are shown in Table 16. 
Table 16. Vibration measurement of car in stationary state. 
Position Vibration Amplitude (|J,m) Dominated Frequency (Hz) 
1 -50 — 24 
" " “ 2 ~ -50 24 
— 3 -50 24 一 
~ ~ 4 -50 26(21) 
From Table 16, we know that the vibration amplitudes are the same in all positions, that is 
approximately 50nm. The dominated frequency is 24 Hz for position 1, 2 and 3，only position 4 
has a dominated frequency of 26 Hz. The displacement time graph and power spectrum in 
frequency domain for vibration in position 1 at a particular time interval are shown in Figure 62a 
and b respectively. 
^ a 啡一.T_G»ph 10., . PSD。I 卿 ^^ —^一 
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T(me<s) Ffequeftcy(H2) 
(a) (b) 
Figure 62. Vibration characteristic of car in stationary condition : (a) Displacement-time graph; (b) Power spectral 
density in frequency domain. 
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6.2.2. Measurement of car vibration traveling in The Chinese University of Hong 
Kong (CUHK) 
In this section, we have measured the vibration characteristics of a car traveling inside The 
Chinese University of Hong Kong. As the results among 4 test points are similar, we will only 
discuss the experimental result for position 1 here. We found that vibration in the car is mainly 
due to the pattern of road, large vibration amplitude with strong signal was detected whenever the 
car passes through some roughly patterned road. The vibration characteristic at position 1 while 
the car was traveling in a particular time interval is shown in Figure 63. Maximum vibration 
amplitude of 450|xm and an average of ~200|j,m was detected. Other factors such as driving speed 
and pattern of road will also affect the vibration amplitude measured. 
” o 4 PSD of vertical  
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(a) (b) 
Figure 63. Vibration characteristic of car traveling inside CUHK : (a) Displacement-time graph; (b) Power spectral 
density in frequency domain. 
It is observed from Figure 63b that the dominated frequency is approximately 10 to 14 Hz, 
however, other range of vibration frequency with weaker signal was also detected. This shows the 
car is vibrating from 1 to 40 Hz at this particular time interval. 
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6.2.3. Measurement of car vibration traveling in rough pattern road (Tai Po Road) 
In this experiment, we have measured the vibration characteristics of a car when it is traveling in 
rough pattern road (Tai Po Road). It was observed that the power spectrum is quite similar to the 
one in experiment 2. However, the vibration amplitude measured is much larger than before. The 
vibration characteristic at position 1 in a particular time interval is shown in Figure 64. 
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(a) (b) 
Figure 64. Vibration characteristic of car traveling in rough pattern road : (a) Displacement-time graph with large 
vibration amplitude recorded; (b) Power spectral density in frequency domain. 
From Figure 64a, maximum vibration amplitude of 1.3 mm was detected and such large 
amplitude is definitely due to the roughness pattern on road. In conclusion, maximum vibration 
amplitude of 1.3 mm and an average of ~200|Lim were detected with vibration frequency ranging 
from 8 Hz to 35 Hz. 
From the results obtained in the three experiments, we have understood some vibration 
characteristics of a car and we believe it is possible to decide the micro power generator for 
automobile application. 
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6.3. Human motion analysis 
In order to analyze human motion induced vibration in walking and running, we have performed 
the following experiments and recorded the vibration frequency. The location where we 
performed our experiment is shown in Figure 65. In the first experiment, a person carrying a 
vibration sensing system walked around the circular path for one cycle, and the signals were 
wirelessly transferred to the computer inside a vehicle. The second experiment recorded the 
motion from a human running around the circular path. Vibration in 3 directions are recorded in 
our experiments, the orientations of x, y and z axis are shown in Figure 66. 
Figure 65. The circular path where the human motion analysis experiment took place. 
Figure 66. The orientations of x, y and z axis. 
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Figure 67. (a) A person carrying a vibration sensor in his hand; (b) Signals from vibration sensor were transferred 
back to a computer wirelessly. 
The power spectral density of hand motion in walking and running are shown in Figure 68a and b 
respectively. It is observed that the dominated frequency in walking is about 8Hz and the 
dominated frequency in running is about 2Hz. 
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Figure 68. Power spectral density of: (a) hand motion in walking; (b) hand motion in running. 
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Chapter 7 Conclusion 
This dissertation presented the design, fabricate, analysis, experimental results and applications of 
an AA size vibration induced micro power generator. The micro resonator, which is a main 
component for the micro power generator, was fabricated by a newly developed high-aspect-ratio 
SU8-based electroplating technique in this work. 
The AA size micro power generator consists of two energy transducers integrated with a power 
management circuit. The energy transducer is a spring-mass system which is capable to convert 
mechanical energy into electrical power by Faraday's Law of Induction. A power-management 
consists of rectifier and capacitor is used to step up the AC output and act as a reservoir to store 
the electrical energy generated. 
In previous work, the micro resonator was fabricated by laser-micromaching. However, the 
cutting resolution is not ideal. We have developed another process which involves 
high-aspect-ration electroplating of copper using lithographic techniques. The improvement in 
quality enhance precise control on the resonator structure, hence the resonance frequency of the 
micro power generator. Besides, using this SU-8 based electroplating technique, batch fabrication 
of micro resonators become possible which may reduce the manufacturing cost and increase the 
production efficiency. 
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Thus far, an AA size micro power generator is capable of producing ~2.5V DC and ~60|iW with a 
100ki2 loading when charged for about one and a half minutes. Input frequency and vibration 
acceleration are 79 Hz and 4.63 m/s respectively. The number of turns of coil for each transducer 
is -1700 turns and the power management circuit was consists of a tripler and 1000|liF capacitor. 
The entire power cell has a weight of 10.5 g which is more than a half less than a standard AA 
size alkaline battery. 
We have shown that this AA size micro power generator could be used to power up a wireless 
temperature sensing system with input vibration frequency at 79 Hz. Typically, charging time for 
the first data transmission is one and a half minutes, afterward, the circuit could be able to get 
enough power to perform a successful data transmission at every 34 seconds. 
To widen the applications of AA size micro power generator, measurement and analysis on some 
common vibration sources, such as vehicle and human motion were being taken. The information 
gives a preliminary idea on the design of micro power generator suitable for some real live 
applications. 
With the advance in micro fabrication technologies, increasing in magnetic flux density and low 
power consumption circuit development, we believe it is possible for the micro power generator 
to have many applications in low-power wireless systems in the coming future. 
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Appendix 
Specification ofmasnet used in this pro ject 
MagNEO, Sintered Ncodyniium (Rare-earth NdFeB) Magnet Specifications 
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Demagnetization curve for N45 rare earth permanent masnet 
Dm^Si^^mrnkm Cmm T m 驗 p o i t 
T E S T R E S U L T S 咖 j q 
Br = 13.42 JcGs | ~ I ~ I ~ I ~ I f ^ I ~ ！ ~ I ~ ~ 
Hcb 11.80 kOe BxH ( x lMGOe ) / 
Hcj = 12.64 kOe BxH (x7.96kJ/m"3) / .二二 
(BH)ra - 44.75 MGOc / x； « 
Hk = 11.75 kOe — f 7 
Bd = 6.82 kGs / dg^ 
Hd = 6.56 kOe / / / e a a ; 
T E S T CONDIT ION / / 
R . T : 20 / / / 
S-No. : 50X50X33 / / 
S-Namc : N45 I 丨 / 
Shape : Square / / _ JQ 
Dim : 5x 5cm / / 
Date : 04.02.14 / / 
Batch No; 040214-2 / / 
Tester : ZHANG-001 / / 
MAOTECH INDUSTRIAL CO. / • 
Rm 1002, Warkin«bond Comm. Ctt A 
163 Prince BdvranI RU W., / j 
Hong Kong. 
Fix: (852) 27877136, 23964618 y y 
Td. (852) 27877216 
Emiil： ules^ magtedLconUik / , - 5 
URL: www.m«gtocl>.conLfak ^ ^ / 
V \ : 
H( X 79.6 kA/m) 20 15 10 5 0 
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Outgoing inspection report for masnet used in this project 
OUTGOING INSPECTION REPORT 
Date:Febl7，2004 
Material: Grade :N45 PO. NO: 
Size: 3土0.05X3士0.05X3土0.05mm Total Q，ty ： 33 pes 
Sampling Q，ty : 20 pes Qualified : 20 pes Conclusion : OK 
No. L W THK Surface 
O/D I/D Fields 
(Gs) 
1 ^ ^ 2.97 3400 
2 2.99 3.00 2.98 
3 2.96 3.01 2.98 
4 ^ 2.99 
5 2.97 2.95 3.00 ^ 
6 3.00 2,96 3.02 3650 
7 3.01 2.97 2.96 
8 3.02 2.98 2.95 3450 
9 2.95 2.98 2.97 
1 0 ^ ^ 2.95 35^ 
11 2.97 3.00 3.00 3600 
12 2.98 3.02 3.02 3650 
13 2.98 2.96 3.01 3700 
14 2.99 2.95 2.95 3700 
15 3.00 2.97 3.00 3650 
16 3.02 2.95 3.02 3600 
17 3.01 3.00 3.01 3500 
18 2.99 3.02 2.95 3550 
19 2.96 3.01 2.97 3450 
20 2.98 2.95 2.96 
Checked by: 
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AutoLisp prosram for drawins spiral coils in AutoCAD 
(defun spiral() 
(command “ osmode “ _• 0") 
； Input parameters  
(setq S p g N u m 2) ； Number of springs 
(setq F r a m e _ R a d 4) ； Outer radius of frame (mm) 
(setq Frame—Wid 0.5) ； Frame w i d t h (iran) 
(setq F r a m e _ T h k 1) ； Frame thickness (mm) 
(setq M a s s _ W i d 2.5) ； Center mass width (mm) 
(setq M a s s _ T h k 1) ； Center mass thickness (mm) 
(setq Mass一Rad (* 0.707106781 Mass_Wid)) ； Center mass support radius (mm) 
(setq Spg一 W i d 0.35) ； Spring width (mm) 
(setq Spg—Thk 1) ； Spring thickness (mm) 
(setq G a p 0.2) ； Gap between springs (mm) 
(setq A n g V e l (/ (* 2 pi) 40) ) ； Angular velocity (rad/time) - Small 
v a l u e gives fine model 
； Porgram start  
； C r e a t e solid frame - solidl 
(command "circle" "0,0" (rtos Frame_Rad)) 
(command “extrude” (entlast) "“ (rtos Frame_Thk) "0") 
(setq solidl (entlast)) 
(command "circle" "0,0" (rtos (- Frame_Rad Frame_Wid))) 
(command “extrude" (entlast) "” (rtos Frame一Thk) "0") 
(command "subtract" solidl "” ( e n t l a s t ) " " ) 
(command "move" (entlast) "" (streat "0,0," (rtos (* -0.5 Frame_Thk)))““) 
(setq solidl (entlast)) 
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； C r e a t e s o l i d m a s s support - solid2 
(command "circle" "0,0" (rtos Mass_Rad)) 
(command “extrude“ (entlast) "“ (rtos Spg_Thk) "0") 
(command "move“ (entlast) "” (strcat "0,0," (rtos (* -0.5 Spg_Thk)))““) 
(setq solid2 (entlast)) 
； C r e a t e s o l i d m a s s - solidS 
(command "box" __c" (strcat "0,0," (rtos (* 0.5 (+ Mass—Thk Spg_Thk) ) ) ) "1" (rtos 
Mass一 Wid) (rtos Mass一 Wid) (rtos Mass一Thk)) 
(setq solids (entlast)) 
； C r e a t e solid springs - solid4 
(setq n 0) ； Set index for SpgNum 
(setq solid4 '()) 
(setq Outer一Spring一Length 0) ； Outer length of one spring 
(setq Inner—Spring一Length 0) ； Inner length of one spring 
(repeat S p g N u m ； Repeat each spring 
(setq t o ) ； Set initial time index 
(command "pline") 
(while (>= (setq R (- (+ {- Frame_Rad Frame_Wid) Spg_Wid) (/ (* t (* SpgNum AngVel 
(+ S p g _ W i d Gap))) (* 2 pi)〉）） Spg_Wid) 
(setq ang (+ (* AngVel t) (/ (* 2 n pi) SpgNum))) 
(setq X (* R (cos ang))) 
(setq y (* R (sin ang))) 
； C a l c u l a t e o u t e r spring length 
(cond ((= n 0) 
(progn (cond ( (and (> t 0) (<= R ( - Frame_Rad Frame_Wid) ) (>= R {+ M a s s _ R a d 
Spg_Wid) )) 
(progn (setq x_dis (- x x_pre)) 
(setq y—dis (- y y_pre) ) 
(setq pt_dis (sqrt (+ {* x_dis x_dis) (* y_dis y_dis)))) 
(setq Outer—Spring—Length (+ Outer_Spring_Length 
p t _ d i s ) ) 
) 
) 
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) 
(setq x_pre x) 




(command (strcat (rtos x) “,“ (rtos y))) 
(setq t (+ t 1)) 
) 
(setq t (- t 1)) 
(while (>= t 0) 
(setq a n g (+ (* AngVel t) (/ (* 2 n pi) SpgNum))) 
(setq R (- (- Frame一Rad Frame一Wid) (/ (* t (* SpgNum AngVel (+ Spg_Wid Gap))) 
(* 2 p i ) ) ) ) 
(setq X (* R (cos ang))) 
(setq y (* R (sin ang))) 
； C a l c u l a t e inner spring length 
(cond ((= n 0) 
(progn (cond ((and (> t 0) (<= R (- Frame—Rad Frame_Wid Spg—Wid)) (>= R 
M a s s _ R a d ) ) 
(progn (setq x_dis (- x x_pre)) 
(setq y—dis (- y y_pre)) 
(setq p t _ d i s (sqrt (+ (* x_dis x_dis) (* y_dis y—dis)))) 
(setq 工nner—Spring—Length (+ 工nner一Spring—Length 




(setq x _ p r e x) 
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(command (strcat (rtos x) (rtos y))) 
(setq t (- t 1)) 
) 
(command "c") 
(command "extrude" (entlast) "“ (rtos Spg.Thk) "0") 
(command "move" (entlast) "” (strcat "0,0," (rtos (* -0.5 S p g . T h k ) ) ) " " ) 
(setq solid4 (append solid4 (list (entlast)))) 
(setq n (+ n 1)) 
) 
；(command "union" solidl solid2 solid3) ； Union all solids 
(command "union" solidl solid2) ； Union all solids 
(setq i 0) 
(repeat S p g N u m 
(command (nth i solid4)) 
(setq i (+ i 1)) 
) 
(command ““) 
； P r i n t o u t p u t 
(print “Outer length of one spring:") 
(print Outer—Spring一Length) 
(print "Inner length of one spring：“) 
(print Inner一Spring—Length) 
(print "Average length of one spring:“) 
(print (setq Spring—Length (* 0.5 (+ Outer_Spring_Length Inner_Spring_Length) ))) 
(print "Total length of all springs:") 
(setq Total一Springs—Length (* SpgNum Spring—Length)) 
) 
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Mask design fnr micro resonntnr in diiferp.nt structures 
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